In marine teleosts, such as the gilthead seabream, several aquaporin paralogs are known to be expressed during the hyperosmotic induction of spermatozoon motility in seawater. Here, we used immunological inhibition of channel function to investigate the physiological roles of Aqp1aa, Aqp1ab, and Aqp7 during seabream sperm activation. Double immunofluorescence microscopy of SW-activated sperm showed that Aqp1aa and Aqp7 were respectively distributed along the flagellum and the head, whereas Aqp1ab accumulated in the head and in discrete areas toward the anterior tail. Inhibition of Aqp1aa reduced the rise of intracellular Ca 2+ , which is independent of external Ca 2+ and normally occurs upon activation, and strongly inhibited sperm motility. Impaired Aqp1aa function also prevented the intracellular trafficking of Aqp8b to the mitochondrion, where it acts as a peroxiporin allowing H 2 O 2 efflux and ATP production during activation. However, restoring the Ca 2+ levels with a Ca 2+ ionophore in spermatozoa with immunosuppressed Aqp1aa function fully rescued mitochondrial Aqp8b accumulation and sperm motility. In contrast, exposure of sperm to Aqp1ab and Aqp7 antibodies did not affect motility during the initial phase of activation, but latently compromised the trajectory and the pattern of movement. These data reveal the coordinated action of spatially segregated aquaporins during sperm motility activation in a marine teleost, where flagellar-localized Aqp1aa plays a dual Ca 2+ -dependent role controlling the initiation of sperm motility and the activation of mitochondrial detoxification mechanisms, while Aqp1ab and Aqp7 in the head and anterior tail direct the motion pattern.
INTRODUCTION
The activation of the spermatozoon motility is crucial for successful fertilization. Similar to mammals, where physiological hypotonicity is required for the activation of spermatozoon motility once released from the epididymis [1] , in oviparous fishes, the initiation of motility is triggered by the hypo-or hyperosmotic aquatic environment into which the sperm are ejaculated [2] [3] [4] [5] . In marine teleosts, spermatozoa experience a strong hyperosmotic shock (D ;700-900 mOsm) upon release into seawater (SW), which in most cases is the signal for the activation of motility [6] [7] [8] . In some species, it is believed that the external osmotic pressure drives an efflux of water from the spermatozoon, causing a rise of the internal concentrations of calcium and potassium, that is, [Ca 2þ ] i and [K þ ] i , respectively, and a change in the pH, which together activate the axonemal machinery and flagellar movement [7, 8] .
The osmotic response of marine teleost spermatozoa upon SW exposure has been estimated to occur within milliseconds [6] . This rapid mechanism suggests the presence of transmembrane water channels (aquaporins) in the spermatozoon plasma membrane, which may facilitate a fast water flux following the osmotic gradient [9] . This hypothesis was first tested by Cosson and collaborators who reported that sperm motility of marine teleosts, such as turbot (Scophthalmus maximus) and European seabass (Dicentrarchus labrax), is sensitive to low levels of mercury chloride (HgCl 2 ) [5, 9, 10] , a known inhibitor of aquaporins [11] . The concentrations of mercury effective on intact sperm had no effect on the axonemal apparatus of demembranated spermatozoa, suggesting that the motile apparatus is not directly compromised by low concentrations of HgCl 2 [9] . Therefore, these data suggest that the spermatozoon water efflux triggered by the hyperosmotic shock may be mediated by aquaporins localized in the spermatozoon plasma membrane [5] . However, direct evidence of the presence of aquaporin paralogs in fish spermatozoa has not been obtained until recently.
In the marine teleost gilthead seabream (Sparus aurata), immunohistochemical and immunofluorescence microscopy studies using paralog-specific antibodies have demonstrated that immotile spermatozoa express the water-selective aquaporins Aqp1aa and Aqp1ab, the water and glycerol channels (aquaglyceroporins) Aqp7 and Aqp10b, and Aqp8b [12, 13] . These aquaporins show a segregated spatial distribution in the sperm [13] , as noted for AQP3, AQP7, AQP8, and AQP11 in murine and human spermatozoa [14, 15] . In seabream, Aqp1aa and Aqp7 are respectively distributed along the flagellum or the head of ejaculated spermatozoa, while Aqp1ab, Aqp8b, and Aqp10b are both in the head and the anterior tail. Upon SW activation, Aqp1ab and Aqp10b are phosphorylated and translocated mainly to the head plasma membrane, whereas Aqp8b is also rapidly phosphorylated but inserted into the inner mitochondrial membrane (IMM) [13, 16] . In contrast, Aqp1aa and Aqp7 remain unchanged [13] . According to these observations, exposure of seabream sperm to mercury inhibited SW-activated motility, which could be reversed by the reducing agent b-mercaptoethanol, to which mercury-inhibited Aqp1aa but not Aqp10b is sensitive [12, 17] . In addition, mercurial treatment partially or completely blocked the phosphorylation of some proteins in the head and flagellum of the spermatozoon after motility activation [18] . Based on these observations, it has been hypothesized that Aqp1aa possibly mediates the water efflux during the hyperosmotic shock, followed by an increase of [Ca 2þ ] i and further activation of cAMP-mediated phosphorylation of proteins required for sperm motility [8, 12] . However, it is well known that mercurial compounds can affect the function of ion channels [19, 20] , which may also play a role in the reception of the activation signal [21] , and in addition it has been shown that the mercurial inhibition of seabream Aqp1ab and Aqp7 can also be reversed by b-mercaptoethanol as in Aqp1aa [13, 22] . Therefore, the physiological roles that the different aquaporin paralogs play during the activation or maintenance of sperm motility in marine teleosts remain yet unknown.
In a recent study on the gilthead seabream, we have shown that an affinity-purified antibody against Aqp8b can specifically block the intracellular transport of the channel into the spermatozoon mitochondrion, possibly through steric inhibition of the trafficking mechanism, as well as its solute conductance once it is inserted in the IMM [16] . Using this approach, we have found that mitochondrial Aqp8b plays an essential role in the seabream spermatozoa by facilitating the efflux of reactive oxygen species, such as hydrogen peroxide (H 2 O 2 ), from this compartment, to maintain flagellar motility [16] . To begin to dissect the role of the other aquaporins during motility activation of seabream spermatozoa, in this study, we have employed a similar immunological approach using affinity-purified antibodies against Aqp1aa, Aqp1ab, and Aqp7. Our findings suggest a coordinated action of these aquaporins for the activation and maintenance of flagellar motility in which Aqp1aa mediates the increase of [Ca 2þ ] i and Aqp8b trafficking to the mitochondrion, while Aqp1ab and Aqp7 control the pattern of sperm movement.
MATERIALS AND METHODS

Sperm Collection
Sperm samples were obtained from adult gilthead seabream raised in captivity during the natural reproductive season (November-February). Fish were anesthetized with 2-phenoxyethanol (500 parts per million) and the genital area was carefully cleaned and dried to avoid contamination by SW or urine before sperm was extracted by applying a gentle abdominal massage. The milt was collected from the gonopore with a syringe and stored at 48C for 24-48 h. Fish samplings were carried out in accordance with the protocols approved by the Ethics Committee of the Institut de Recerca i Tecnologia Agroalimentàries (Spain) following the European Union Council Guidelines (86/609/EU).
Fluorescent Probes and Antibodies
The dyes MitoTracker Red CMXRos (M-7512), Fluo-3-AM (F14218), and Hoechst 33342 (H3570) were purchased from Life Technologies Corp., while 4 0 ,6-diamidino-2-phenylindole (DAPI; D9564) was from Sigma-Aldrich. The affinity-purified antisera against seabream Aqp1aa, Aqp1ab, Aqp7, and Aqp8b (Aqp1aa-Ab, Aqp1ab-Ab, Aqp7-Ab, and Aqp8b-Ab, respectively) have been characterized elsewhere [13, 22, 23] . Anti-prohibitin (Phb; GTX124491) was purchased from Genetex Inc.
Functional Assays in Xenopus laevis Oocytes
Ectopic expression of full-length seabream aquaporin cDNAs in oocytes and determination of the osmotic water permeability (P f ) was carried out as described previously [13] . Oocytes were injected with 50 nl of distilled water (negative control) or 50 nl of water solution containing 0.5 ng (Aqp1aa and Aqp10b), 0.25 ng (Aqp1ab), 2 ng (Aqp8b), or 5 ng (Aqp7) of complementary RNA (cRNA).
Specific immunological inhibition of aquaporin-mediated water transport was tested by incubating cRNA-injected oocytes with modified Barth solution-88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4 , 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 10 mM HEPES, and 25 lg/ml gentamycin, pH 7.5-plus 0.5% dimethyl sulfoxide (DMSO) containing increasing concentrations (0.003-0.3 lM) of Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab for 1 h before P f determination [16] . To test the specificity of the immunological inhibition, oocytes were also exposed to 0.3 lM rabbit immunoglobulin G (IgG, I5006; Sigma-Aldrich) or to the antibodies for those aquaporins that were not expressed. The specific effect of the antibodies was also assessed by immunofluorescence microscopy of oocytes expressing Aqp1aa, Aqp1ab, Aqp7, Aqp8b, or Aqp10b and exposed to IgG or Aqp1aa-Ab, Aqp1ab-Ab or Aqp7-Ab for 1 h. After the incubations, oocytes were washed twice with fresh modified Barth solution and processed as described previously [24] . The histological sections were probed only with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG secondary antibodies (1:100; SigmaAldrich) overnight at 48C, and subsequently mounted with fluoromount aqueous anti-fading medium (Sigma-Aldrich). Images were acquired with a Zeiss Axio Imager Z1/ApoTome fluorescence microscope (Carl Zeiss Corp.) using the same fluorescence intensity and exposure time for all sections.
Sperm Motility Assays
Fresh sperm or stored at 48C for up to 48 h was diluted in nonactivating medium (NAM, in mg/ml: NaCl 3.5, KCl 0.11, MgCl 2 1.23, CaCl 2 0.39, NaHCO 3 1.68, glucose 0.08, and 0.2% bovine serum albumin, pH 7.8, 270-290 mOsm) at a concentration of 10 9 cells/ml. Sperm was activated by 1:10 dilution in SW at room temperature and different kinetic parameters were analyzed in triplicate at 30 sec after activation, or every 10 sec during 3 min, by computer-assisted sperm analysis using the Integrated Semen Analysis System software (ISASv1; Proiser). In some experiments, sperm was also activated in saline solution (SS; 550 mM NaCl) or SS containing 3 mM CaCl 2 (SSþCa 2þ ) as previously described [25] . The following characteristics of sperm motility were determined: the percentage of total motile and progressively motile sperm (MOT and PROG, respectively); the average velocity measured over the actual point to point track followed by the sperm cell (curvilinear velocity, VCL); the average velocity measured in a straight line from the beginning to the end of the sperm track (straight-line velocity, VSL); the average value of the ratio VSL/ VCL, which measures the departure of the cell track from a straight line (linearity, LIN); the frequency with which the sperm crosses the smoothed path, which is an indirect measurement of the flagellar beat frequency (beat cross frequency, BCF); the average path velocity of the smoothed cell path (VAP); the average value of the ratio VSL/VAP, which measures the departure of the sperm cell path from a straight line (path straightness, STR); the relationship between the average and curvilinear paths calculated as VAP/VCL 3 100 (wobble, WOB); the amplitude of lateral head displacement (ALH); the measurement of the pattern of sperm motion (dance, DNC); and the time average of absolute values of the instantaneous turning angle of the sperm head along its curvilinear trajectory (mean angular displacement, MAD). Spermatozoa were considered progressive when demonstrating 80% or greater path straightness (STR). Only sperm samples with at least 75% motile spermatozoa and active for no less than 2 min were used for further experiments. No differences in motility were observed between freshly activated sperm or after storage at 48C up to 48 h.
To test the effect of aquaporin antibodies on sperm motility, immotile sperm were incubated in NAM plus 0.5% DMSO containing 0.3 lM of Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab for 1 h at room temperature. Sperm was subsequently washed twice with NAM and activated in SW, SS, or SSþCa 2þ , as described above. In some cases, 10 lM of the Ca 2þ ionophore A23187 (Sigma-Aldrich) was added 1 min before activation. Control sperm was treated with 0.3 lM rabbit IgG in 0.5% DMSO because previous experiments indicate that spermatozoa treated with DMSO alone or DMSOþIgG do not show differences in motility [16] .
Measurement of [Ca 2þ ] i
Intracellular Ca 2þ content in sperm was estimated using the Fluo-3-AM vital dye. Motile and immotile sperm (10 9 cells/ml) incubated with the aquaporin antibodies for 1 h were loaded during the last 15 min with a 1:200 diluted solution containing equivalent volumes (1:1) of 1 mM Fluo3-AM in DMSO and 8% NP-40 in 20% DMSO (5 lM Fluo3-AM and 0.3% DMSO final). In some experiments, 10 lM of the Ca 2þ ionophore A23187 was added at the end of the incubation period for 1 min as above. Sperm was then centrifuged at 1000 3 g for 1 min and resuspended in fresh NAM. A 15-ll aliquot of the sperm solution was loaded in each well (10 7 cells/well) of a black 96-well microplate (Nunc F96 MicroWell Black and White Polystyrene Plate; Thermo Fisher Scientific Inc.) and diluted with 135 ll of either NAM, SW, SS, or SSþCa 2þ for 5 min prior to measurement of the fluorescence intensity at excitation and emission wavelengths of 506 and 526 nm, respectively, using an Infinite M200 microplate reader (Tecan Group Ltd.). Sperm fluorescence intensity after 1 or 15 min postactivation did not change. The background signal of sperm in NAM, SW, SS, or SSþCa 2þ not loaded with Fluo3-AM was subtracted from each value.
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Fluorescence Microscopy on Spermatozoa
Sperm maintained in NAM or activated in SW were left to attach to UltraStick/UltraFrost Adhesion slides (Electron Microscopy Sciences) for 2 min at room temperature and fixed in 4% paraformaldehyde (PFA) for 10 min. For double immunostaining, fixed sperm was permeabilized using different protocols: 0.2% Triton X-100 (for Aqp1aa and Aqp8b) or 0.2% SDS (for Aqp1ab and Aqp8b) in PBS for 10 min, or acetone at -208C for 10 min and then boiling citrate buffer (10 mM, pH 6) for 15 min (for Aqp7 and Aqp8b). Sections were blocked with 5% goat serum and 0.1% bovine serum albumin for 1 h at room temperature, and incubated for another hour with PBS-diluted Aqp1aa, Aqp7 or Aqp8b antibodies (1:100), which were directly labeled with Alexa fluor 555 (red color) or Alexa fluor 488 (green color) dyes using the Zenon Alexa Fluor 555 or 488 Rabbit IgG Labeling Kits (Z-25305 and Z-25302, respectively; Life Technologies Corp.). For Aqp1ab and Aqp1aa or Aqp8b double immunofluorescence, sections were incubated with the Aqp1ab-Ab (1:300) followed by tetramethylrhodamine (TRITC)-conjugated anti-rabbit IgG secondary antibodies (1:600; Sigma-Aldrich). Sections were fixed in 4% PFA for 15 min, and subsequently incubated with Aqp1aa or Aqp8b antibodies directly labeled with Alexa fluor 488. Epifluorescence images were taken as described above.
For double labeling after the immunological inhibition assays, immotile sperm was incubated with or without 250 ng/ml of the mitochondrion-specific vital dye MitoTracker, together with the Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab, for 1 h at room temperature. Sperm was washed in NAM, activated in SW for 1-2 min, fixed with PFA, and blocked as described above. Samples were subsequently incubated with TRITC-conjugated anti-rabbit IgG secondary antibodies (1:300), or Alexa Fluor 488-labeled Aqp8b-Ab (1:100), diluted in PBS. For all the experiments, the nuclei were counterstained with DAPI (1:3000 in PBS) for 3 min before mounting in the anti-fading medium. Determination of the percentage of spermatozoa showing colocalization of Aqp8b and MitoTracker fluorescence signals was carried out on at least 100 spermatozoa per male.
Finally, live spermatozoa in NAM and after SW activation were labeled with the nucleic acid stain Hoechst 33342 and Fluo-3-AM to observe the sperm compartments with high Ca 2þ accumulation. Epifluorescence images were taken directly on immobilized sperm on UltraStick/UltraFrost Adhesion slides.
Biochemical Fractionation of Spermatozoa
To isolate the mitochondria, activated and nonactivated sperm (10 9 cells/ ml) were centrifuged at 1000 3 g for 1 min at room temperature. The pellet was quickly resuspended in 500 ll of isolation buffer (0.01 M Tris/Mops pH 7.4, 1 mM ethylene glycol tetraacetic acid/Tris pH 7.4, 0.25 M sucrose, ;280 mOsm) and sonicated at an amplitude of 10% for 30 sec. The nuclei and cellular debris were pelleted at 600 3 g for 10 min at 48C, and the supernatant containing the mitochondrial extract was centrifuged at 7000 3 g for 10 min at 48C. The mitochondrial pellet was washed with isotonic buffer, resuspended in 13 Laemmli sample buffer [26] supplemented with ethylenediaminetetraacetic acid-free Protease Inhibitor Cocktail (Roche Applied Science) and phosphatase inhibitors (2 mM Na 3 VO 4 and 2 mM NaF), and immediately heated at 958C for 15 min.
Antibody Precipitation
Activated sperm samples (10 10 cells/ml) treated with either IgG or Aqp1aa-Ab as previously described were centrifuged at 1000 3 g for 1 min and homogenized in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 5 mM MgCl 2 , 1 mM NaF, 1 mM Na 3 VO 4 , 0.5% Triton X-100, 1% SDS, and protease inhibitors. An aliquot of the homogenate (input) was mixed in 13 Laemmli sample buffer and frozen, and the rest was mixed with Pure Proteome TM Protein G Magnetic Beads (Merck Millipore) overnight at 48C. The beads were washed three times with PBS containing 0.1% Tween-20 and finally resuspended in 13 Laemmli sample buffer before Western blot analysis.
Immunoblotting
Mitochondria and protein G precipitated extracts were electrophoresed in 12% SDS-PAGE and blotted onto nitrocellulose membranes (Sigma-Aldrich) as described previously [13] . Blocking was performed with 5% nonfat dry milk (Sigma-Aldrich) in Tris-buffered/saline/Tween (20 mM Tris, 140 mM NaCl, 0.1% Tween, pH 8) for 1 h, and the membranes were incubated overnight at 48C, with either the Aqp8b-Ab (1:500-1:1000) or the prohibitin 1 (Phb) antibody (1:1000), both diluted in Tris-buffered/saline/Tween with 1% milk. The antibody-antigen reaction was detected with horseradish peroxidasecoupled anti-rabbit IgG antibody (1:5000, sc-2004; Santa Cruz Biotechnology, Inc.) using Immobilon Western Horseradish Peroxidase Substrate (Merck Millipore).
Statistics
Results are expressed as the means 6 SEM. Ectopic aquaporin expression experiments were carried out on three different oocyte batches. For the experiments with sperm, samples were obtained from at least three different males (one ejaculated per male), and all the treatments were run in triplicate. Comparisons between groups were made by the Student t-test or by one-or two-way ANOVA followed by Tukey pairwise comparison. Time-course curves of sperm motility parameters were compared by the Mann-Whitney U test after arcsine transformation of the data when needed. Statistical analyses were carried out using the Statgraphics Plus 4.1 software (Statistical Graphics Corp.). P , 0.05 was considered statistically significant.
RESULTS
Aquaporins Are Spatially Segregated in the Seabream Activated Spermatozoon
Previous studies in the seabream have shown that Aqp1aa is localized in the flagellum, Aqp1ab in the head and anterior flagellum, Aqp7 in the head only, and Aqp8b in the single large mitochondrion of the midpiece region of SW-activated spermatozoa [13, 16] . To investigate the possible colocalization of some of these channels, double immunofluorescence microscopy was carried out using specific affinity-purified rabbit antisera for Aqp1aa (Aqp1aa-Ab), Aqp1ab (Aqp1ab-Ab), Aqp7 (Aqp7-Ab), and Aqp8b (Aqp8b-Ab) (Fig. 1) . These experiments confirmed that in activated spermatozoa for 1-2 min strong Aqp1aa immunostaining was detected along the flagellum, while Aqp8b staining was restricted to the mitochondrion (Fig. 1, A, B, and D) . In contrast, Aqp1ab and Aqp7 were immunolabeled in the cytoplasm and/or the plasma membrane surrounding the nucleus in the head (Fig. 1 , B and D), whereas Aqp1ab was also detected in discrete areas of the flagellum, which were more abundant toward the anterior region (Fig. 1B) . Aqp1ab appeared to colocalize with Aqp1aa in the midpiece and few domains of the most anterior flagellum, but not in the middle portion of the tail (Fig. 1C) . The potential colocalization of Aqp1ab and Aqp7 in the same regions of the head could not be investigated, however, because the permeabilization methods required for each of the antibodies were not compatible. Based on these data, a schematic diagram of the segregated spatial distribution of Aqp1aa, Aqp1ab, Aqp7, and Aqp8b in seabream activated spermatozoa is depicted in Figure 1E .
Specific Immunological Inhibition of Ectopically Expressed Aquaporins
To evaluate the efficiency and specificity of the Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab to block aquaporin-mediated water transport, X. laevis oocytes ectopically expressing Aqp1aa, Aqp1ab, or Aqp7 cRNAs were exposed to increasing external concentrations of the corresponding antibodies before P f measurements under hypotonic conditions (Fig. 2) . The data show that the water permeability of oocytes mediated by Aqp1aa, Aqp1ab, or Aqp7 was inhibited by the corresponding antibodies in a dose-response manner up to 64% 6 6%, 70% 6 4%, and 63% 6 5%, respectively, with a dose of 0.3 lM (Fig. 2, A, B, D, E, G, and H) . The effect of the antibodies was specific because the permeability of oocytes expressing Aqp1aa, Aqp1ab, or Aqp7 was not affected by rabbit IgG or by the antibodies for the aquaporins that were not expressed (Fig. 2, B, E, and H) . This was confirmed by the staining of Aqp1aa-, Aqp1ab-, Aqp7-, Aqp8b-, and Aqp10b-expressing AQUAPORIN FUNCTION IN TELEOST SPERM oocytes treated with Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab with only FITC-labeled anti-rabbit IgG secondary antibodies, which revealed specific signals in the plasma membrane and the cytoplasm only in those oocytes matching the expressed aquaporin and the external antibody (Fig. 2, C, F, and I) . These results therefore indicate that exogenously added Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab were able to specifically bind their target channels and inhibit their function.
Aqp1aa, Aqp1ab, and Aqp7 Differentially Affect Sperm Motility upon Activation
Using the Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab, the functional role of Aqp1aa, Aqp1ab, and Aqp7 during sperm motility was investigated (Fig. 3) . In these trials, immotile sperm maintained in NAM was incubated with 0.3 lM antibodies and subsequently activated in SW for 3 min, during which the time-course variations in different sperm kinetic parameters were determined at 10-sec intervals with a computerized motility analyzer. Exposure to the Aqp1aa-Ab drastically reduced the percentage of total motile and progressive spermatozoa with respect the control sperm (Fig.  3, A and B) , whereas other motility parameters related to the vigor and progressiveness of the spermatozoa, such as LIN, BCF, STR, WOB, and MAD, were not affected within approximately the 60-90 sec interval postactivation but strongly decreased thereafter (Fig. 3, E, F, H, I , and L). In addition, the velocity of Aqp1aa-Ab-treated spermatozoa, as indicated by VCL, VSL, and VAP, and the pattern of sperm motion, as indicated by DNC, were also significantly reduced with respect to the control sperm during most of the 3-min activation period (Fig. 3, C, D, G, and K) . In contrast, the Aqp1ab-Ab and Aqp7-Ab slightly but significantly affected the LIN, BCF, WOB, and MAD of spermatozoa but only from ;90 sec postactivation (Fig. 3, E, F, I , and L), while the Aqp7-Ab also reduced the STR within the same period of time (Fig.  3H) .
To confirm the specificity of the immunological inhibition on sperm motility, activated spermatozoa treated with rabbit IgG or the three different aquaporin antibodies were fixed and labeled only with TRITC-coupled anti-rabbit IgG secondary antibodies (Fig. 3M) . For Aqp1aa-Ab treated sperm, fluorescence signals were observed along the flagellum, whereas sperm exposed to Aqp1ab-Ab and Aqp7-Ab showed immunostaining in the head and anterior flagellum, or only in the head, respectively. Sperm treated with IgG were negative. These staining patterns mimicked the distribution of Aqp1aa, Aqp1ab, and Aqp7 observed previously on fixed spermatozoa, and therefore suggest that each antibody specifically bound its target protein.
Aqp1aa Mediates the Increase of [Ca 2þ ] i During the Hyperosmotic Shock
Experiments on seabream sperm using HgCl 2 and the reducing agent b-mercaptoethanol suggest that Aqp1aa could mediate the efflux of water during the hyperosmotic shock in SW and the subsequent increase in [Ca 2þ ] i and phosphorylation of proteins [12, 18] . To investigate this potential mechanism, we employed the Aqp1aa-Ab, Aqp1ab-Ab and Aqp7-Ab, as well as spermatozoa loaded with the cellpermeable calcium-sensitive fluoroprobe Fluo-3-AM, a nonfluorescent [Ca 2þ ] i indicator that sharply increases in fluorescence upon binding of Ca 2þ . Under the fluorescence microscope, immotile sperm maintained in NAM showed no detectable fluorescence, whereas upon SW activation, sperm exhibited a strong fluorescence signal in the head and less but detectable signal in the flagellum (Fig. 4A) . presence of external Ca 2þ in the activation medium (Fig. 4B) . However, exposure of spermatozoa to the Aqp1aa-Ab partially reduced the increase of [Ca 2þ ] i by 62% 6 4%, 53% 6 2%, and 56% 6 4% in SW, SS, and SSþCa 2þ , respectively (Fig.  4B) . In contrast, activation of sperm in the presence of either Aqp1ab-Ab or Aqp7-Ab did not affect the rise in [Ca 2þ ] i in any of the activation media (Fig. 4C) . The Aqp1aa-Ab-mediated reduction of [Ca 2þ ] i in activated sperm was associated with a decrease in motility (reduced by 55% 6 6%, 50% 6 7%, and 51% 6 7%, with respect to IgG-treated sperm in SW, SS, and SSþCa 2þ , respectively) and progressivity (reduced by 77% 6 10%, 73% 6 12%, and 76% 6 12%, with respect to IgGtreated sperm in SW, SS, and SSþCa 2þ , respectively), whereas VCL was less but significantly impaired (reduced by 18% 6 8%, 26% 6 8%, and 24% 6 9%, with respect to IgG-treated sperm in SW, SS, and SSþCa 2þ , respectively) (Fig. 4D) . These results therefore indicate that an increase of [Ca 2þ ] i in seabream SW spermatozoa is necessary for the activation of motility and is independent of the external Ca 2þ and mediated by flagellar Aqp1aa.
Aqp1aa Controls Aqp8b Accumulation in the Spermatozoon Mitochondrion During Activation
The preceding experiments showed that Aqp1aa-Ab inhibited the percentage of total motility to the same extent as the reduction of [Ca 2þ ] i , whereas the reduction of the ratio of progressivity was stronger. These observations suggested that Aqp1aa could mediate an additional mechanism to sustain the progressivity of spermatozoa. We have previously reported that in seabream spermatozoa the transport of Aqp8b into the IMM is essential to prevent reactive oxygen species accumulation in order to maintain sperm motility and progressivity in SW [16] . To investigate whether Aqp1aa could be involved in the intracellular trafficking of Aqp8b to the mitochondrion, sperm loaded with the mitochondria-specific vital dye MitoTracker and treated with IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab were fixed and immunostained using the Aqp8b-Ab directly labeled with Alexa Fluor 488. The results of these experiments showed that treatment with IgG, Aqp1ab-Ab, or Aqp7-Ab did not affect the accumulation of Aqp8b in the mitochondrion normally observed upon SW activation (Fig. 5A) . However, in the presence of Aqp1aa-Ab, the mitochondria of SW
FIG. 2. Specific immunological inhibition of seabream Aqp1aa, Aqp1ab
, and Aqp7 channel function in X. laevis oocytes. A, D, and G) Osmotic water permeability (P f ) of water-injected (control) and aquaporin expressing oocytes. B, E, and H) Percentage of water permeability of Aqp1aa (B), Aqp1ab (E), and Aqp7 (H) oocytes in the presence of 0.5% DMSO alone or with increasing exogenous amounts of the corresponding antibodies (Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab). To determine the specificity of the effects, oocytes were treated with IgG or with the antibodies for the noninjected aquaporins at a dose of 0.3 lM. In A, B, D, E, G, and H, data are the mean 6 SEM of three independent experiments using different oocyte batches (n ¼ 10-15 oocytes/ treatment). *P , 0.05; **P , 0.01. C, F, and I) Representative fluorescence microscopy of oocytes expressing Aqp1aa, Aqp1ab, Aqp7, Aqp8b, or Aqp10b and exposed to the Aqp1aa (C), Aqp1ab (F), or Aqp7 (I) antibodies and further stained using only FITC-labeled (green) anti-rabbit IgG secondary antibodies. The arrows point to the oocyte plasma membrane. Bar ¼ 20 lm.
AQUAPORIN FUNCTION IN TELEOST SPERM
spermatozoa did not show Aqp8b staining, but Aqp8b remained at the anterior region of the flagellum as observed in immotile spermatozoa (Fig. 5A) . The quantification of spermatozoa showing MitoTracker and Aqp8b colocalization indicated an ;5-fold increase in the percentage of cells showing Aqp8b mitochondrial accumulation upon SW activation, which was markedly reduced by 84% 6 2% in the presence of the Aqp1aa-Ab but not by the other antibodies (Fig. 5B) .
These data were confirmed by Aqp8b immunoblotting of mitochondrial extracts from activated spermatozoa treated with IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab, which showed that the relative amount of mitochondrial Aqp8b was lower in spermatozoa exposed to the Aqp1aa-Ab than in those treated with IgG or the other antibodies, while the ratio of phosphorylated and nonphosphorylated Aqp8b was apparently unaffected (Fig. 5C ). To rule out that these effects were not due to the unspecific binding of the Aqp1aa-Ab to Aqp8b, protein G coprecipitation assays of activated sperm treated with the antibody were carried out, which confirmed that the Aqp1aa-Ab was able to bind its target protein (Fig. 5D ) but not Aqp8b (Fig. 5E ). Taken together, these findings suggested that functional Aqp1aa is necessary for the intracellular trafficking of Aqp8b into the sperm mitochondrion upon SW activation.
A Ca 2þ Ionophore Increases [Ca 2þ ] i and Rescues Aqp8b Mitochondrial Localization in Aqp1aa-Ab-Treated Spermatozoa
To further explore whether the Aqp1aa-mediated increase of [Ca 2þ ] i was involved in the signaling pathway controlling Aqp8b transport to the mitochondria, sperm was activated in SW in the presence of the calcium ionophore A23187, and the [Ca 2þ ] i , Aqp8b mitochondrial localization, and motility were subsequently evaluated. Consistent with previous results, SW activation induced a 3-fold increase of [Ca 2þ ] i in spermatozoa, which was inhibited by 70% 6 2% by the Aqp1aa-Ab (Fig.  6A) . Interestingly, addition of A23187 increased the [Ca 2þ ] i by 1.5-fold in immotile sperm treated with either IgG or Aqp1aa-Ab (Fig. 6A) , but it did not activate motility. In activated sperm Percentage of spermatozoa (mean 6 SEM; n ¼ 11 fish) treated as in A showing Aqp8b localization. **P , 0.01 with respect to spermatozoa in NAM or respect to spermatozoa treated with IgG (brackets). C) Representative immunoblot of mitochondrial Aqp8b from SW-activated sperm treated as in A using the IMM marker Phb as the loading control. D and E) Protein G coprecipitation of Aqp1aa-Ab-Aqp1aa (D), but not of Aqp1aa-Ab-Aqp8b (E), complexes in activated sperm treated with 0.3 lM IgG or Aqp1aa-Ab. In C-E, the immunoglobulin heavy chain (Ig-HC), phosphorylated Aqp8b (p-Aqp8b), and dephosphorylated Aqp8b are indicated.
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in the presence of IgG, the ionophore had no effect on the [Ca 2þ ] i , while in Aqp1aa-Ab-treated sperm it restored the [Ca 2þ ] i to the same levels of those measured in spermatozoa exposed to IgG (Fig. 6A) . Similarly, the A23187 completely rescued the Aqp8b mitochondrial localization in activated sperm impaired by the Aqp1aa-Ab (Fig. 6B) as well as the motility, progressivity, and VCL of spermatozoa (Fig. 6C) . These data therefore suggest that the detrimental effect on sperm motility induced by the inhibition of Aqp1aa is possibly caused not only by preventing an intracellular Ca 2þ surge in SW but also by compromising Aqp8b mitochondrial function.
DISCUSSION
The present and previous data for aquaporin expression in gilthead seabream spermatozoa show a spatially segregated distribution of Aqp1aa, Aqp1ab, Aqp7, Aqp8b, and Aqp10b [12, 13] ; however, only the physiological role of Aqp8b as a mitochondrial peroxiporin during activation has been recently uncovered through immunological inhibition of the channel's function [16] . By using the same approach in the present study for Aqp1aa, Aqp1ab, and Aqp7, we provide direct evidence that Aqp1aa is the major mediator of the Ca 2þ rise in seabream spermatozoa upon SW activation. Our data reveal that the Aqp1aa-mediated increase in [Ca 2þ ] i activates sperm motility and drives Aqp8b trafficking to the mitochondria, whereas Aqp1ab and Aqp7 control the pattern of sperm movement. These findings thus reveal a coordinated action of aquaporins regulating sperm motility in a marine teleost.
In the ejaculated sperm of seabream, Aqp1aa is distributed along the entire flagellum, and this localization remains unchanged upon SW activation [13] . The persistence of Aqp1aa in the flagellum may suggest an immediate requirement of the channel for the water efflux and flagellar membrane expansion events that are believed to occur in milliseconds during the activation of marine teleost sperm [6] . The present data reinforce this hypothesis because the motility assays on sperm treated with the different aquaporin antibodies revealed that the Aqp1aa-Ab induced the strongest decline of the percentage of both motile and progressive spermatozoa and also of other sperm parameters related to the trajectory (LIN, STR, WOB, MAD, DCN), progression (VCL, VSL, VAP), and flagellar movement (ALH, BCF), suggesting that Aqp1aa is essential to initiate sperm motility. These data therefore confirm previous studies on seabream showing that nonspecific inhibitors of aquaporin conductance, such as HgCl 2 , completely abolish sperm activation [12] . Mercurial inhibition of sperm motility has also been reported for other marine and freshwater teleosts [5, 9, 10, [27] [28] [29] [30] , although in these species the potential aquaporin paralogs involved have yet to be identified.
Current information in echinoderms [31, 32] , fish [6] [7] [8] [33] [34] [35] , and mammals [36] [37] [38] indicates that sperm flagellar movement is regulated by Ca 2þ , which directly, or indirectly through protein phosphorylation and dephosphorylation events, activates the axonemal dyneins. In teleost spermatozoa, the increase of [Ca 2þ ] i can be caused by external influx via Ca 2þ channels, Ca 2þ pumps, or Na þ /Ca 2þ exchangers [33, [39] [40] [41] [42] , as a consequence of the activation of stretch-activated channels that can transport Ca 2þ together with K þ , activation of Ca 2þ channels [6, 7, 43, 44] , or by the release of Ca 2þ from intracellular stores [43, [45] [46] [47] . A previous study reported that the spermatozoa of gilthead seabream and striped seabream (Lithognathus mormyrus) can be activated in nonionic solutions and that several K þ and Ca 2þ channel blockers have no effect on the initiation of sperm motility in SW, suggesting that neither external K þ nor Ca 2þ play a significant role [25] . Rather, as noted for other marine teleosts [6] , the osmolality appears to be the key factor for motility activation [25] . The data from the present study confirm that spermatozoon motility initiation in seabream is independent of external Ca 2þ , but by using the fluorophore Fluo-3-AM, we show that the [Ca 2þ ] i in the spermatozoa actually increases markedly upon activation regardless of the presence of Ca 2þ in the external medium. The elevation of the [Ca 2þ ] i is partially prevented by specifically altering Aqp1aa function, which also reduces the motility and progressivity of spermatozoa. Our data therefore support the hypothesis that the rapid water efflux mediated by Aqp1aa upon the osmotic shock drives an intracellular Ca 2þ wave, which activates the flagellar movement of seabream spermatozoa [7, 12] . This mechanism is further reinforced by our observation that exposure of Aqp1aa-Ab-treated spermatozoa to the Ca 2þ ionophore A23187 restores the [Ca 2þ ] i and fully rescues spermatozoon motility. In all the panels, data are the mean 6 SEM (n ¼ 4, 9, and 12 fish, in A, B, and C, respectively). In A and B, *P , 0.05 and **P , 0.01 with respect to spermatozoa in NAM or respect to spermatozoa not treated with A23187 (brackets). In C, *P , 0.05 and **P , 0.01 as indicated in brackets.
The fluorometric determination of Ca 2þ levels revealed, however, that although A23187 was able to increase the [Ca 2þ ] i by ;50% in immotile seabream spermatozoa maintained in NAM, it did not activate motility. In contrast, in SW sperm treated with the Aqp1aa-Ab, the A23187 induced a greater increase (;70%) in the [Ca 2þ ] i, that was able to restore the motility of spermatozoa. Because A23187 can transport extracellular Ca 2þ into spermatozoa [37] , the higher increment of [Ca 2þ ] i in A23187-treated SW sperm is likely due to the mobilization of Ca 2þ from the SW, the concentration of which is ;10 times higher than in NAM. These observations are thus comparable to those reported in marine puffers (Takifugu niphobles and T. pardalis) and the Japanese plaice (Kareius bicolorutus) in which Ca 2þ and A23187 are both needed to induce motility under isotonic conditions [34] . Therefore, it is likely that the modest increase of the [Ca 2þ ] i observed in A23187-treated seabream sperm maintained in NAM was not sufficient to activate the flagellar machinery. Our present data, however, cannot establish whether the Ca 2þ rise unleashed in spermatozoa upon activation is simply caused by the reduction in cell volume as a consequence of Aqp1aa-mediated water efflux [7, 12] , by the activation of Ca 2þ release from intracellular stores as suggested to occur in other marine and euryhaline teleosts [34, 46] , or by both mechanisms.
In seabream, mercury treatment of sperm upon SW activation completely or partially inhibits the phosphorylation of some proteins in the flagellum and head, suggesting the existence of aquaporin-mediated transduction pathways that could control flagellar motility [8, 18] . These pathways might be regulated by Ca 2þ -activated adenylyl cyclase, which can elevate the levels of cAMP and trigger the phosphorylation of proteins involved in sperm motility activation [8] . However, direct evidence of this mechanism in seabream is lacking, even though in this species it has been shown that inhibitors of both adenylyl cyclase and protein kinase A can block the initiation of sperm motility [25] . In the present study, we found that one of the mechanisms controlled by Aqp1aa-facilitated increase of the [Ca 2þ ] i is the trafficking of Aqp8b to the mitochondrion. Recently, we have shown that in SW-activated seabream spermatozoa mitochondrial Aqp8b allows the efflux of H 2 O 2 accumulated in this compartment as a result of oxidative phosphorylation-produced ATP and possibly osmotic stress, thus avoiding oxidative damage and preserving sperm motility under hypertonic conditions [16] . Our present findings therefore suggest a dual role of the Aqp1aa-triggered Ca 2þ -dependent signaling pathway in the initiation and maintenance of flagellar motility through the activation of the axoneme and the mitochondrial Aqp8b-mediated detoxification mechanism. However, the precise molecular events involved in these processes downstream of Ca 2þ mobilization are yet unknown. Interestingly, though we observed that while Aqp1aa loss-offunction prevented Aqp8b mitochondrial accumulation, the phosphorylation of Aqp8b was unaffected, suggesting that both mechanisms may be regulated independently. This hypothesis would be consistent with the observation that upon SW activation the phosphorylation state of numerous proteins of seabream sperm is HgCl 2 independent [18] .
The role of Aqp1aa, or other aquaporin paralogs, during the activation or maintenance of sperm motility could be a conserved mechanism in freshwater teleosts in which this process is mercury sensitive [27] [28] [29] [30] . However, because sperm activation occurs in the hypotonic environment via K þ efflux and Ca 2þ influx in freshwater species [21] , it has been suggested that flagellar aquaporins would play a role mediating the cell volume regulatory mechanism that is activated upon ejaculation, thus preserving the sperm plasma membrane and cell motility [30] . Such a putative function has been previously anticipated for AQP3 and AQP8 in human and mouse spermatozoa upon release into the relatively hyposmotic microenvironment of the female reproductive tract [15, 48, 49] . The molecular mechanisms involved are, however, unclear, although it has been proposed that aquaporin channels may function as osmosensors/mechanosensors in spermatozoa to detect early events in cell swelling under hypotonic conditions and convey signals to stimulate the regulatory volume decrease response through interaction with volumesensitive ion channels or cytoskeletal components [15, 49] . This hypothesis, while not yet demonstrated, is supported by the finding that AQP4 or AQP5 can interact with the volumesensitive calcium channel transient receptor potential vanalloid 4 (TRPV4) to regulate cell volume under hypotonic stimulation in mouse astrocytes and salivary glands [50, 51] and by the direct interaction of AQP2 with actin described in rat kidney cells [52] . In addition, TRP channels have been shown to play functions during sperm capacitation, acrosome reaction motility, and fertilization in mammals [53] [54] [55] as well as to regulate sperm motility in freshwater teleosts [56] .
In contrast to Aqp1aa, the exposure of seabream sperm to Aqp1ab and Aqp7 antibodies did not affect the motility or progressivity of the spermatozoa during the initial phase of activation, but latently significantly compromised other kinetic parameters related to the trajectory and the movement pattern of spermatozoa, such as the LIN, BCF, STR, WOB, and MAD. These data suggest that the role of Aqp1ab and Aqp7 during motility is mainly involved in controlling the pattern of sperm motion. Thus, the functional inhibition of these aquaporins may distort the movement of the sperm head and the flagellum, which could underlie the erratic path and the impairment of the flagellar beating. The specific distribution of Aqp1ab and Aqp7 in the sperm head, and of Aqp1ab also toward the anterior and middle portion of the flagellum, where in the latter instance it appears to be localized in different membrane domains as compared to Aqp1aa, could explain these effects. However, the molecular mechanisms underlying the function of Aqp1ab and Aqp7 in spermatozoa are intriguing. It might be possible, as suggested for AQP3 and AQP8 present in the principal piece of mammalian spermatozoa [15, 48] , that Aqp1ab and Aqp7 function as mechanosensors in seabream sperm through interactions with stretch-gated ion channels, which are believed to be activated through the local distortion of the flagellar membrane upon the hyperosmotic shock that stimulates the axoneme [6] . Interestingly, in turbot sperm, mercury inhibits the initiation of motility but also induces a twist of the flagellum [6] , which would be consistent with this view. However, it has been reported that 0.02 mM gadolinium, a well-known stretch-activated ion-channel blocker, does not affect sperm motility in seabream [12] , although potential longterm harmful effects of this drug on motility or the motion pattern of spermatozoa were not reported. Therefore, the role of mechanosensitive channels in the activation of motility of sea bream spermatozoa, and their possible interaction with aquaporins, needs to be investigated further.
In summary, the present study provides evidence for the specialized and coordinated role of aquaporins during sperm motility initiation and maintenance in a marine teleost. Our findings suggest a dual role of Aqp1aa in the initiation of flagellar movement and the trafficking of Aqp8b to the mitochondrion to sustain fuel production, whereas Aqp1ab and Aqp7 may contribute to the pattern of spermatozoon motility. However, although the effects of Aqp1aa appear to be mediated by the Aqp1aa-facilitated Ca 2þ wave during the hypertonic shock, the downstream pathways involved as well AQUAPORIN FUNCTION IN TELEOST SPERM as the molecular mechanisms underlying the function of Aqp1ab and Aqp7 remain unknown. In addition, seabream spermatozoa also express the aquaglyceroporin Aqp10b paralog primarily in the head and anterior flagellum, which, like Aqp1ab, is also regulated upon activation [13] . However, the role of Aqp10b in teleost spermatozoa has not been yet investigated. Further studies are therefore needed to uncover the different roles of aquaporins and the signaling pathways that regulate sperm motility in teleosts.
